Introduction
A small molecule like cyanamide (NH2CN) might be expected to react under hydrothermal conditions by a simple reaction (1) based on experiences with similiar small molecules, such as urea [1, 2] , ammonium thiocyanate [3] , and carbohydrazide [4] . On the other hand, Cyanamide, might differ importantly from these latter compounds in that it is known to self react upon pyrolysis NH2CN+2H2O 2NH3+CO2 (1) to form a number of higher molecular weight compounds as shown in Fig.1 [5] . In view of the use of Cyanamide in agriculture, flame retardant and paper products, and, therefore, its potential presence of cyanamide in waste streams, we wished to determine the hydrothermolysis pathway of Cyanamide in both the batch and flow modes by using IR and Raman spectroscopy. Reaction (1) is indeed very complex, being a mixture of hydrolysis and pyrolysis reactions. On the other hand, reaction (1) affords the opportunity to compare kinetic and mechanistic details of a complex reaction obtained by several different experimental methods. 
Experimental Methods
Method I (batch-ex situ analysis). A sealed 12cm3 316 SS tube containing the reactant (0.25m) and H2O was heated with a fluidized sand bath as described before [6] . Products from the cooled solution were analyzed by IR spectroscopy and mass spectrometry. The time scale available is >5 minutes.
Method II (batch-in situ analysis). Fluid was pumped at 275 atm into a heated 316 SS block containing an entrance and exit tube and two additional ports into which sapphire windows were sealed. A cavity of 0.043cm3 existed between the windows. The flow was stopped and the Raman scattering was recorded as a function of time at several different block temperatures. The time scale available is >1 minute.
Method III (flow in situ analysis). As described before [1 ,2] fluid was pumped through a short-pathlength JR cell constructed of 316 SS containing sapphire windows. IR spectra were recorded as a function of the flow rate, and the resulting absorbance areas were converted into the concentrations of each species. The time scale available is >1 second. Figure 2 shows the reaction scheme developed for cyanamide from the results of Method I [6] . In order to reduce the complexity of this scheme, the starting material used for Methods II and III was dicyandiamide (DCD), whose formula is shown on Fig.1 .
Batch Methods -Kinetics and Pathway
Raman spectroscopy was used for an in situ investigation of the reaction in the batch mode (Method II). Although these spectroscopic data mostly support Fig.2 , important differences exist and some additional insight was gained. The main difference is in the cyclic azines which are self-reaction pyrolysis products. Melamine, ammeline, ammelide, and cyanuric acid ( Fig.2 ) were all isolated from Method I where the reaction time is >5 minutes. By Method II, only ammeline was present on the basis of the ring stretching mode at 693cm-1 in the Raman spectrum. The band area of the 693cm-1 mode plotted as a function of time at several temperatures was smoothed for clarity and is shown in Fig. 3 . Ammeline forms slowly and to a greater extent at the lower temperatures used . The amount of ammeline depends on competitive processes as indicated by Fig .2; i.e., formation by reactions involving DCD and destruction by hydrolysis to NH3 and CO2.
The rate of destruction of DCD based on post-reaction IR analysis (Method I) and the disappearance of the skeletal deformation mode at 920cm-1 (Method II) is shown in Figs .4 and 5, respectively. Conversion of these data into pseudo firstorder rate constants provides the Arrhenius plot shown in Fig .6 . Table 1 summarizes the Arrhenius constants. Also shown are previously reported Arrhenius data for base hydrolysis of DCD [7, 8] 
(3) explains the autocatalysis observed. In effect the rate constants from Figs.4 and 5 primarily reflect the rate of reaction (3). The formation of ammeline is understandable on the basis of reactions (6) and (7), which are side reactions consistent with previous pathway suggestions [7, 8] . Gu is guanylurea. Ammeline is kinetically and thermodynamically more stable than most of the other reactants and intermediates and is, therefore , detectable by Raman spectroscopy. The other intermediates (C , G, and Gu) could not be detected despite knowledge of their (2) and (3) Raman spectra. Experiments using Method II on pure samples of Gu and G (as guanidinium carbonate) revealed that these intermediates will have a very low steady-state concentration in a DCD solution at the temperatures used. Of these two compounds, guanidinium carbonate is the most stable at the temperatures used; however, it was not detectable (1008cm-1 mode) above the noise level in less than about 0.01M concentration, and it decomposed decidedly more rapidly than DCD (compare Fig.7 to Fig.5 ).
The number of species and possible reactions in the intermediate stage of decomposition of DCD is quite large. In addition to the species observed and hypothesized above, CO2 and NH3 an react under hydrothermal conditions to produce urea and carbamate (NH2CO(Y) in certain cases [1, 2, 9] .
4, Flow Method -Kinetics and Pathway
Considerable effort was expended to determine the reaction rates for Fig.2 by Method III. The advantages of Method III are that the reaction can be determined on a much shorter time scale than in Methods land II, and the shorter-lived intermediates are potentially detectable. Also, IR absorption cross sections tend to be much larger than Raman scattering cross sections. The spectral window with the cell used is limited, however, by the sapphire and 1120 absorbances. In the 1800-2900cm-1 range available, the study is limited to the behavior of DCD and CO2 Previous literature data [7, 8] are shown.
found to fit these experimental profiles very well (Fig.8 solid  lines .) The concentrations of G and C were calculated to be below 0.001M which is consistent with their absence in the Raman spectra. The rate of DCD loss is essentially linear and shows none of the curvature found at higher temperatures in is the shorter time scale in Fig.8 that is available with Method III. The autocatalytic step reaction (3) has not yet become an important factor. Hence, Method III is primarily providing the rate of reaction (2) which is the initial pseudo first-order decomposition of DCD (k1). According to Fig.6 , however , the merging of sets of data obtained with two different cells results in the same Arrhenius behavior for k1 and k2 within the experimental uncertainty. Thus, while these two steps have been separated and their kinetics determined, the rates are coincident . Table 1 shows the Arrhenius data for k1.
Conclusions
The current studies were aimed at advancing the understanding of a complex hydrothermal reaction and comparing the results of three methods of analysis: blind batch reaction, observed batch reaction, and observed flow reaction . The pathway could be outlined by these methods . The rate of conversion of DCD compares favorably in the two batch reaction methods which involve long reaction times . On the shorter time scales than can be studied with the flow reactor, a different stage of the reaction can be probed. The rates of both stages are the same within experimental error. Important additional processes are found in the later stage of the reaction that are related to the complexity of the reaction scheme, i.e., secondary reactions among the reactant, intermediates and products . These studies illustrate that care is needed not only when extrapolating kinetic data among different temperature and time regimes , but when comparing data obtained by different experimental approaches .
They also show the value of using different approaches. Reaction (1) is anything but a simple reaction!
